Abstract Poly(vinylidene fluoride)/Pb(Zr 0.53 Ti 0.47 )O 3 , ([PVDF] 1-x /[PZT] x ) composites of volume fractions x and (0-3) type connectivity were prepared in the form of thin films. PZT powders with average grain sizes of 0.2, 0.84, and 2.35 lm in different volume fraction of PZT up to 40 % were mixed with the polymeric matrix. The influence of the inorganic particle size and its content on the thermal degradation properties of the composites was then investigated by means of thermo-gravimetric analysis. It is observed that filler size affects more than filler concentration the degradation temperature and activation energy of the polymer. In the same way and due to their larger specific area, smaller particles leave larger solid residuals after the polymer degradation. The polymer degradation mechanism is not significantly modified by the presence of the inorganic fillers. On the other hand, an inhibition effect occurs due to the presence of the fillers, affecting particularly the activation energy of the process.
Introduction
Polymer composites are widely used in everyday applications such as construction, electronics, consumer products, and transportation. The final properties of the polymer composites are strongly influenced by the filler particle dimensions, shape and concentration, the specific surface area, and microstructure of the dispersed phase. A growing interest in the development of polymer-ceramic composites has been recently observed [1, 2] . Ferroelectric (FE) ceramic-polymer composites consist of a ceramic FE phase dispersed in a polymeric dielectric matrix and are interesting materials for sensor and actuator applications [3] [4] [5] . These composite materials combine the best properties of the FE ceramics (high piezoelectric coefficients, low dielectric and mechanical losses, good thermal properties, and wide range of dielectric constants) with the advantages of the polymers properties (low density, high resistivity, high flexibility, formability, and low cost production processes) [3] [4] [5] . In composite materials, together with the properties of the materials itself, it is also important the way in which the phases are interconnected. Newnham et al. [6] were the first to apply the term connectivity, which indicates how the different phases of the composite materials are interconnected. The micro-and nanocomposites with a dielectric ceramic phase embedded in a polymeric matrix have been studied over the years being still a very active research area due to the interest in increasing the dielectric permittivity of the composites by incorporating high dielectric ceramic particles and thereby improving its electroactive properties [3] [4] [5] 7] . Poly(vinylidene fluoride) (PVDF) is widely used in the polymer industry due to its mechanical and electrical properties, high aging, and corrosion resistance [8, 9] . PVDF is also being widely investigated due to its exceptional pyroand piezoelectric properties among the polymeric systems. These properties are at the origin of various applications, especially in the field of microelectronics, sensor, and actuator devices and technologies [8, 9] . PVDF presents four polymorphs known as a, b, d, and c-phase, being the b-phase the one with best FE and piezoelectric properties. Commonly, b-phase PVDF is obtained by stretching a-phase PVDF at temperatures between 70 and 100°C and for stretching ratios from 2 until 5 [10] [11] [12] . PVDF electroactive phase content and degree of crystallinity are influenced by the stretching ratio and temperature [10] [11] [12] , which in turn affects the electroactive response of the polymer [13] . Lead Zirconate Titanate, Pb(Zr x Ti 1-x )O 3 , (PZT), crystalizes with a perovskite structure [14] . The phase diagram is complex, being one of the most interesting features the existence of the morphotropic phase boundary (MPB) in which a rhombohedral crystalline phase region, rich in Zr atoms, and a tetragonal crystalline phase region, rich in Ti atoms, coexist. At room temperature, the MPB is placed in the region Zr/ Ti = 52/48 [15, 16] . At the MPB, the dielectric and piezoelectric responses of the ceramic material attain the highest values.
Within this context, one of the most promising ways to increase the dielectric and piezoelectric properties of a polymer matrix without compromising the mechanical ones is by producing polymer based micro-and nanocomposites of the electroactive polymer PVDF with inorganic PZT particles [17] . These composites show large technological interest as they can be processed in the form of thin and flexible electroactive and high dielectric constant films for electronics applications.
Degradation of polymers and composites includes all changes in chemical structures and physical properties due to physical or chemical stresses caused by chemical reactions, involving bond scissions in the backbone of the molecules [18] . One of the most common factors leading to polymer and polymer composite degradation is the temperature. Further, thermal degradation studies can lead to a deeper understanding on the interactions of the different phases of a composite material. With respect to PVDF, the relationship between polymer processing, defects, and thermal degradation has been previously studied, concluding that crystallinity and phase of the polymer are not important parameters influencing thermal degradation [18] . Moreover, the defects of the PVDF chains are the main factor affecting polymer thermal degradation [18] . Further, the material shows good molecular and electroactive stability against photodegradation [19] . The effect of nanoand microsized fillers on polymer matrix is not yet fully understood and it deeply depends on the characteristics of both polymer matrix and filler. For example, Liau and Viswanath studied the thermal degradation of polymerbased composite materials with ceramic fillers. It is shown that the inclusion of ceramics particles (Al 2 O 3 and AlN) accelerates the thermal degradation of the composite material when compared with the polymeric matrix (polyvinyl butyral, PVB) [20] . On the contrary, thermogravimetric analyses in epoxy-silica nanocomposites show that the introduction of nanoscale silica into epoxy resins improved their thermal stability and reduced their mass loss rates [21] . With respect to PVDF, Campos et al. [22] studied the effect of the inclusion of CaCO 3 particles and it was found that the inclusion of the ceramic particles increased the thermal stability of the polymeric matrix. In spite of the importance of the knowledge of materials performance and their application limitations, there are not many systematic studies on the thermal degradation of polymer composites; so general trends and behaviors are still to be drawn.
The purpose of this work is to understand how the filler dimensions and content affect the thermal degradation and thermal degradation kinetics of the PVDF/PZT film composites and therefore shed light on the polymer-filler interactions. In this way, the thermal degradation of different PVDF/PZT microcomposites was measured under a nitrogen atmosphere, analyzed, and discussed according to the Ozawa-Flynn-Wall theory.
Theoretic considerations
The general model for the thermal decomposition of a homogeneous system has the following form [18, 23] :
where a represents the degree of conversion of the sample under degradation, defined by
where w 0 , w 1 , and w 1 are the masses of the sample before degradation, at time t, and after complete degradation, respectively. The rate constant k(T) suffers changes with the absolute temperature according to the Arrhenius equation [23] . f(µ) represents the net results of elementary steps. The isoconversional method of OFW [24, 25] assumes that f(µ) does not change with the variation of the heating rate for all values of the degree of conversion a. It involves measuring the temperatures corresponding to fixed values of a from experiments at different heating rates b. In this formalism
where E act is the activation energy, A is a pre-exponential factor, and R is the ideal gas constant. Thus, at a given conversion, E act is obtained by plotting log b against 1/T. If the calculated values of the activation energy are the same for various values of a, the existence of a single step reaction can be concluded. On the contrary, a change of E act with increasing degree of conversion is an indication of a complex reaction mechanism that invalidates the separation of the variables involved in the OFW analysis [26, 27] .
Experimental
Composites of PVDF with PZT [Pb(Zr 0.53 Ti 0.47 )O 3 ] were prepared by dispersing the ceramic powders in a solution of PVDF in dimethylacetamide (DMA) in the conditions explained in [28] . The initial concentration of the solution was 0.2 g PVDF (Foraflon F4000-Atochem, molecular mass = 352 9 10 3 g mol -1 ) per milliliter of DMA. The average size of the ceramic particles was 0.2, 0.84, and 2.35 lm. Flexible films with a thickness of *30 lm, measured using a Mitutoyo micrometer, was obtained by spreading the solution on a glass plate which was then maintained at a temperature of 120°C for 1 h; this period of time is sufficient for the total evaporation of the solvent in the neat polymer samples. After evaporation of the solvent, the samples were melted at 220°C for 10 min, removed from the oven, and cooled down to room temperature. After this procedure, the crystalline phase present in the polymer is a-PVDF [10, 17] . The volume fraction of the ceramic varied from 5 to 40 %. Filler contents larger than 40 % were not used to guarantee 0-3 connectivity and to maintain the high flexibility of the films [28] .
Thermogravimetric analyses (TG) were carried out using a Pyris 1 TG-Perkin-Elmer setup under nitrogen atmosphere supplied at a constant 50 mL min -1 flow rate. The sample holders were ceramic crucibles with capacity of 60 lL. The samples were subjected to different heating rates from 5 ± 0.1 up to 20 ± 0.4°C min -1 , between 30 and 900°C.
Results and discussion
The thermal stability and degradation of the composites were evaluated by TG. Figure 1a shows the TG data obtained for the PVDF matrix and for composites with different amounts of PZT ceramic filler with average grain size of 200 nm and Fig. 1b shows the TG data for the composite samples with 10 % filler content and different average grain size. In both cases, the heating rate of 20°C min -1 was used. It can be observed that both filler size and content affect the degradation of the polymer. All samples are very stable up to a temperature of 400-500°C, depending on the ceramic concentration and size. When this temperature is achieved, the degradation occurs in two mass loss steps. The main degradation step is clearly visible in all samples in the 420-490°C range. The second degradation step is clearly observed at *550°C for the pure polymer and the ceramic concentrations up to 10 %, and appears as a slight slope variation for the highly loaded composites. No dehydration is found around 100°C due to the hydrophobic nature of the polymer matrix and the ceramic fillers.
The main degradation process identified in Fig. 1 is typically characterized by the onset temperature, T onset (Table 1) , which is calculated by extending the pre-degradation portion of the curve to the point of the interception with the line drawn as tangent to the steepest portion of the mass loss curve occurring during the degradation process [29] . The onset temperatures, T onset , appear in the range between 425°C (for the pure PVDF) and 460-465°C, for the composites. Figure 1 and Table 1 indicate that, for all materials, a residue is retained even at 700°C. For example, for PVDF the residue is 28 %; for PVDF composites with 200 nm PZT particles, the residue is between 49 to 67 %.
During the main thermal degradation of PVDF, carbonhydrogen bond scission primarily occurs, which is due to the lower bond strength energy of C-H compared to C-F bond (410 and 460 kJ mol -1 , respectively) [30] . The head to tail (H-T) configuration once activated by the removal of one HF molecule to form a carbon-carbon double bond will unzip HF molecules down the polymer chain, leading to the main degradation process. The second degradation step at higher temperatures results in a complex degradation process resulting in an poly(aromatization) reaction [18] .
The results show that there are differences in the thermal stability of the samples depending on the PZT size and concentration. The degree of crystallinity and phase content do not to play any role in the degradation process, as the melting of the material occurs more that 200°C before degradation begins [28] . In this way, the differences on the thermal stability should be therefore related to chemical reactions with the ceramic particles within the polymerceramic interfacial region [31, 32] .
With respect the polymer-ceramic interaction, the onset temperature of the main degradation process (Table 1) increases with ceramic size for a given concentration (e.g., 10 %) and, on the other hand, it is almost independent on the ceramic content for a given grain size. In this sense, the Thermal degradation of PZT/PVDF composites 759 variation of the onset temperature of the thermal degradation process points effectively to the ceramic-polymer interface effects (interface dimension and chemical stability against temperature) that provide more stability to the polymer phase, being the effects more prominent for larger ceramic particles and independent of ceramic content.
Degradation kinetics
The thermal stability of the polymer composites will help to understand the influence of the amount and size of the ceramic filler in the degradation process and therefore to obtain hints on the ceramic filler-polymer matrix interactions. The activation energy (E act ) was determined by the OFW method [24, 25, 33] . From the TG degradation plots at each heating rate, the temperature is estimated for a specific conversion level. Figure 2 shows the plot for various heating rates for the sample with 5 % PZT and ceramic grain size of 200 nm. Similar results are obtained for the rest of the ceramic grain sizes. The DTG plots are also presented in the inset of Fig. 2 . The DTG curves are determined by the calculation of the slope of consecutive TG points. In this case, the temperature of maximum degradation rate is obtained, T max , corresponding to the peak position on the DTG curves.
The main mass loss process is shifted to higher temperatures from approximately 410 to 490°C with increasing heating rate from 5 to 10°C min -1 , being then the TG curves for higher heating rates almost overlaid.
The isoconversional OFW method, Eq. 3, was applied to calculate the activation energy of the PVDF/PZT composites samples for different conversion values from a linear fitting of ln b versus 1000/T. The OFW plots for the composite samples with a grain size of 200 nm are presented in Fig. 3 (correlation coefficient [0.98) . The evolution of the activation energies is presented in Table 1 . The same procedure was applied to all composites.
Concerning the first degradation step, the activation energy increases with particle size for a given concentration of 20 % filler content and also the lower particle sizes of the 10 % filler content sample (Fig. 4a) , whereas the behaviour of the activation energy for different concentrations of a given particle size shows no clear trends. It is known that higher activation energies are associated to reactions of the macromolecules with small molecules and/ or radicals that exist in the polymer [34, 35] . In general, the obtained results suggest that a chemical or physical bond exists between the filler and the matrix. By comparing the activation energies obtained for the composite samples with the one of pure PVDF (E act = 76 kJ mol -1 [18] ), the activation energies for the composite samples are, in general, higher already for small amounts of PZT particles. For higher amounts of filler concentration for a given filler size, no significant variations are observed. As previously observed for the onset temperature, filler size seems to play a more important role for influencing the degradation dynamic of the polymer than filler content.
With respect to the second degradation step, it is observed that increasing particle size also increases the activation energy (Fig. 4b) , and the value also is, in general, lower for the highest concentrations of PZT particles (Table 1) . On other hand, the values of the second stage activation energy found for the composite samples are in general lower than for the pure PVDF sample, which is found to be around 47 kJ mol -1 [18] . With respect to the residues produced by the composite samples at 700°C, the value found for the pure matrix is 28 % (Fig. 1a) and increases substantially (much more than the increase of PZT content) for the composite samples ( Table 1 ). The residual value obtained for the composites with the smallest size is higher than for the other samples. Below 700°C (Fig. 5) , the ceramic particles should not suffer any mass loss so by removing this value, the residual polymer mass should be obtained. From this calculation, the value obtained for the residual mass of the polymer is larger for all concentrations of the smallest particle size (between 45 and 47 %). For all the other composite samples, the residual mass is approximately 33 %, quite similar for all but slightly higher than for the pure polymer (28 %). This behaviour indicates effectively a larger interaction of the smaller ceramic particles with the polymer due to their larger effective interaction area. Smaller particles can act as stems inducing the crystallization of the PVDF, increasing wetting and interaction, and therefore leaving a polymer shell around the particles after polymer degradation.
Degradation mechanism
The thermal degradation of PVDF is characterized by a first degradation step in which carbon-hydrogen scission occurs and the presence of both hydrogen and fluorine leads to the formation of hydrogen fluoride [18] . The further loss of HF along the polymer chain results into a polygenic sequence. Some authors [36] also suggest a backbone scission and a small amount of C 4 H 3 F 3 is formed. As the polygenic sequence is unstable the second degradation step at higher temperatures results in a complex degradation process resulting in an poly(aromatization) reaction [37] . The presence of the ceramic particles increases strongly the onset temperature and the activation energy (e.g., from 76.5 to 109 kJ mol -1 , for 20 % filer content of 2.35-lm size nanoparticles) of the main degradation process. Further, it was observed that the variation of those parameters is larger with increasing ceramic particles for a given concentration and that, on the other hand, it is, in general not so dependent on ceramic filler concentration. The effective interaction area is larger for the smaller filler particles. In this way, the observed stabilization of the process cannot be ascribed to the chemical interaction of fillers and polymer, which should be larger for smaller filler particles. Further, no chemical bonding is expected or proven to exist between the ceramic fillers and the polymer. It is also not due to confinement effects, which also increases for increasing filler content. In this sense, as the thermal degradation of the polymer is a process involving both carbon-hydrogen or even backbone scission and a heat and mass transport mechanisms, it seems to be that the first process is the one more affected by the presence of the ceramic fillers. The presence of the ceramic fillers should introduce inhibition effects affecting the dynamic of the thermal degradation reaction, but not particularly its nature. This inhibition effect of the degradation reaction is almost independent of the amount of fillers. On the other hand, heat and mass transport mechanism should be more dependent on the filler content, which is not the case for the studied materials. Similar catalytic effects have already been observed in the nucleation of the electroactive phase of PVDF by Co-ferrite fillers [38] , among others. This fact is further supported by the variations in the activation energy of the process which as larger than the variations observed for the onset temperature.
Conclusions
Composites samples of PVDF with PZT ceramic fillers with different concentrations and grain sizes have been prepared and their thermal degradations stability has been investigated. The degradation of the polymer is affected by the presence of the ceramic fillers. The onset temperature of the main degradation step is shifted to higher temperature with increasing ceramic size, being independent on the ceramic concentration. The same effect is observed for the activation energy of the two observed degradation processes: the activation energy increases with increasing grain size for a given filler concentration, but not specific trend is observed as a function of ceramic filler concentration for a given size. Finally, the observed polymer residuals after polymer degradation demonstrate a larger interaction between the smaller fillers and the polymer due to the larger specific area. In this way, the polymer chemical degradation mechanism is not significantly changed, but there is an inhibition effect occurs due to the presence of the fillers, affecting particularly the activation energy of the process.
